In this paper the utilization of three analytical chemistry techniques including gamma spectrometry, XRF, and ICP-MS/ OES is described for performing nuclear forensic analyses on an unknown powder. We have demonstrated that each method was unique in providing specific material characteristics, yet they were also complementary for extracting useful nuclear forensic signatures. It is the integral effort of all three analytical chemistry tools in the nuclear forensic tool box that ultimately allowed us to reveal the identity of the unknown nuclear material as Nb 2 O 5 mixed with * 9% HEU.
Introduction
Nuclear forensics aims to deter the nuclear/radioactive material illicit trafficking and diversion: both of which have raised global concerns for improvised nuclear device or radiological dispersive device and nuclear weaponization [1] [2] [3] . Nuclear forensic science seeks ''signatures'' from a nuclear or radioactive material through material characterization to address a particular set of questions: ''What is the material?'' ''How, when and where was the material made?'' ''What is the intended use of the material?'' [4] . A nuclear forensic signature is a set of measurable characteristics that reveals the provenance or history of a sample. Although physical signatures such as size, shape, texture and morphology can be useful when available, chemical signatures including isotopic composition, elemental or molecular form, and trace element impurity abundances are vital to nuclear forensics. Consequently, nuclear forensic science is closely related to the fields of analytical chemistry (including radioanalytical chemistry) and material science. Nuclear forensic analysis requires special infrastructure such as radiological containment glove boxes and fume hoods which often reside in nuclear facilities. It is not uncommon that multiple chemistry techniques are enlisted to examine a nuclear or radioactive material. Since each case is different, there is no applicable standardized methodology. In a recent review paper, Keegan et al. [2] listed gamma spectrometry, X-ray fluorescence (XRF), and inductively coupled plasma-mass spectrometry (ICP-MS) as the top three techniques for bulk sample analysis. They also discussed the importance of optical spectroscopy/scanning electron microscopy for image analysis and secondary ion mass spectrometry/X-ray microanalysis for particle level microanalysis.
Gamma spectrometry is used to identify the discrete gamma ray energy peaks emitted by specific radionuclides. Since the gamma counting technique is rapid and non-destructive, it is always used during the initial assessment of a nuclear/radioactive material. For instance, gamma spectrometric analysis can identify whether the uranium isotopic composition in a sample is of natural abundance (* 0.72% of 235 U), depleted (\ 0.72 of 235 U), low enriched (\ 20% of 235 U, LEU), or highly enriched (C 20% of 235 U, HEU) [5] . Based on the information obtained, subsequent analyses can be planned. XRF is also a non-destructive method commonly used to identify major and minor elemental constituents (stable or radioactive) in solids or liquids. The XRF method is extremely powerful when the sample is difficult to dissolve in aqueous solutions [6] . Signatures obtained from gamma spectroscopy and/or XRF can usually reveal the bulk identity of the sample, i.e., the signature to address the question of ''what is this material?''. Thermal ionization mass spectrometry (TIMS) is a broadly used technique to measure isotopes at high accuracy and precision. As a result, the measured ratio of a radioactive decay progeny and its parent radioisotope, such as to 230 Th to 234 U (so called radiochronometers), can be used to calculate the time the material was last processed so as to answer the ''when'' question [7] . TIMS's high sensitivity allows for the detection of isotopes at ultralow concentrations. For example, the presence of 233 U and 236 U in a sample indicates the material has been irradiated, which is a signature to address the ''how'' question. ICP-MS is a simultaneous multi-element measurement technique used to quantify trace impurity or isotope concentrations in an unknown sample [8, 9] . One of the most reported trace element signatures that are used to relate to material process history and origin is the rare earth element (REE) distribution pattern in uranium compounds [8] [9] [10] [11] [12] [13] . The REE pattern in a sample such as uranium ore concentrates (UOCs) can be related to the type of uranium ore that maybe geologically specific. Due to the low solubility and similarity in the chemical properties, the relative abundance of REE persists during the uranium chemical processing. Researchers have successfully matched the REE pattern in intercepted samples to that of the known origin to determine ''where'' the sample were produced [1, 3, 8, 10, 11] .
As a relatively new discipline, nuclear forensic science is still at the stage of evolution. More efforts are needed to expand the libraries of material characteristics including the development of methodologies to obtain the characteristics and ultimately the evaluation of these unique material characteristics as nuclear forensic signatures. Besides the reported studies on uranium fuel pellets and UOCs [1] [2] [3] 11] , more material types need to be included in the nuclear forensic database to ensure the readiness of the optimal analytical chemistry tools for the requested material characterization. Recently during the material disposition process, we encountered a legacy material at the Los Alamos National Laboratory (LANL) with a material history that was described as follows:
A nuclear material containing uranium was brought to the Chemistry and Metallurgy Research (CMR) nuclear facility from another LANL site in the early 2000s. The material was a grey powder originally. Upon receipt, the material was heated to 900°C in a furnace, and turned into a pale yellow powder, but the mass of the uranium remained unaltered.
The key question that needs to be answered in the current study is what is this material?
In this paper, we have shown a methodological approach to interrogate the unknown material using three analytical chemistry tools. The uniqueness of each of the applied techniques in providing measurable characteristics of the sample, as well as their complementary nature in revealing useful nuclear forensic signatures were explored. Ultimately, integrating a set of analytical chemistry tools provided the answer to the foremost question in the ''what, how, when, where'' series-''what is the material''.
Experimental

Gamma spectrometry
Uranium isotopic composition was determined by a gamma spectrometer equipped with a shielded multichannel analyzer (MCA Ortec, DSpec Pro, Easley, SC, USA) and a cooled (X-cooler, MMR Technologies, CC2402, San Jose, CA, USA) high-purity germanium (HPGe) detector (Ortec, GMX15P4). The Ortec software FRAM (version 5.2) and Angle (version 3) were employed for data analysis. The energy and peak resolution calibrations for the HPGe system were verified periodically during sample analysis using 152 Eu and 166m Ho calibration sources. The sample was counted as received with minimal adjustment in sample geometry. The distance between the sample and the detector end cap was the only factor adjusted to provide counting statistics.
Micro-XRF
Major elemental constituent identification was performed with an EDAX (Wahwah, NJ, USA) Orbis PC Micro-X-ray fluorescence (MXRF) instrument. A portion of the sample powder was adhered to a piece of clear 3 M Scotch tape, and sealed behind a 4 lm thick Prolene TM film. An Olympus DSX510 opto-digital microscope with high spatial resolution was used for visual examination of the specimen. MXRF elemental distribution images (256 9 200 pixels) were collected from each specimen whereby a full spectrum was collected at each image pixel. Consequently, a total image background-subtracted spectrum was generated by the addition of all of the individual spectra. First and second row elements on the periodic table could not be detected by the instrument used in this experiment, and third row elements at trace and minor concentrations could not be detected with the instrument operational conditions used (e.g. analysis in an air medium and through Prolene TM containment film). Taking advantage of the relatively small (* 30 lm diameter) X-ray beam size of the MXRF instrument, the powder sample was able to be analyzed without the interferences of elemental signals from the metal cups used for sample loading for traditional large X-ray beam XRF instruments.
ICP-MS/OES method
Trace elemental impurities were extracted using a closedvessel acid digestion method [14] . The 60 mL perfluoroalkoxy (PFA) digestion vessel was manufactured by Savillex (Eden Prairie, MN, USA) and equipped with a pressure relief valve. Approximately 5 mL of the 12 M HNO 3 and 0.1 M HF acid mixture was added to 0.1 g of sample and heated on the electronically controllable MOD Block TM (CPI International, Santa Rosa, CA, USA) at 130°C for 50 h. The supernatant of the extractate was analyzed by the ICP-MS and inductively coupled plasmaoptical emission spectrometry (ICP-OES) methods with three levels of dilutions.
Trace elemental determinations were performed by an ICP-MS (Thermo Fisher, X Series II, Waltham, MA, USA) and an ICP-OES (Horiba Jobin-Yvon, Ultima 2, Longjumeau, France) instrument; both were located in radiological containment fume hoods. While instrument operation conditions for the ICP-OES have been described elsewhere [15] , Table 1 listed the operating conditions for the X Series II ICP-MS. A Peltier cooled cyclonic concentric spray chamber was used to minimize oxide formation. An Elemental Scientific Instrument (ESI, Omaha, NE, USA) micro-FAST system was used for sample introduction. In addition to the autosampler, the micro-FAST employs a syringe pump to uptake 0.6 mL of sample solution and load it into a sample loop. Upon switching the control valve position from ''load'' to ''inject'', sample was pushed onto the plasma for elemental analysis via a low flow rate nebulizer at 100 lL min -1
. The combination of micro-FAST and the low flow rate nebulizer eliminated the excessive volume of sample required to fill the flow path before the read delay and after the integration as in a conventional ICP sample introduction configuration. The reduced sample size for the ICP-MS analysis decreased the generation of radiological waste which was expensive to dispose.
For the ICP-MS/OES measurements, multi-element calibration and verification standards were prepared from standard stock solutions by Inorganic Ventures (Christiansburg, VA, USA). Nitric, hydrochloric, and hydrofluoric acids used for sample and standard preparations were Fisher Optima (Pittsburgh, PA, USA) ultrapure grade. High purity water at [ 18 MX cm resistivity was produced by the Milli-Q system (Millipore, Billerica, MA, USA). For ICP-MS measurement, a mixture of 103 Rh and 169 Tm solution was used as the internal standard to compensate for instrument fluctuation.
Results
Material description
The over 700 g powder sample was stored in a metal container that was contained with two layers of plastic bags on the outside. The sample ID of 83-149 was written on a yellow tape adhered to the outer layer bag and was used throughout this paper. Upon removing the container cap in a radiological containment fume hood, the sample was exposed to air. No fumes or airborne particles were observed. The sample consisted of a lumpy fine powder with a pale yellow color (Fig. 1) . A number of small black particles were also present. No corrosion was noticed on the interior surface of the metal container. Approximately 1-2 g of the sample were removed from the container for nuclear forensic analysis.
Non-destructive analysis (NDA) by gamma spectrometry
Based on the available material history, the sample contained uranium, so an NDA test was conducted first to obtain the uranium assay and isotopic composition. For the gamma spectrometry analysis, the absolute efficiency curves of the HPGe detector for QC and sample spectra were calculated using the Ortec Angle software. The baseline detector efficiency curve generated by a 166m Ho calibration source and other parameters such as sample Cool/plasma gas flow rate 13 L min geometry and HPGe counting geometry were employed during the calculation. The uranium isotopic composition was determined using the FRAM software ( Table 2 ). The NDA results revealed that the 235 U abundance in the sample was 96.5 wt%. The technique was not able to measure the 236 U isotope at low concentrations (less than tens of percent) under the experimental conditions used due to the insufficient peak area at characteristic energies for gamma spectrometry analysis. Additionally, it was determined that there was no measurable Pu in the sample based on the comprehensive spectral evaluation. The total uranium content in the sample was determined by the Angle software to be 8.7 wt%.
Sample dissolution
ICP-MS/OES methods were selected originally to determine the remaining elemental content in the sample. ICP-MS/OES measurement requires the sample to be in aqueous form. Unfortunately, it was discovered via visual inspection that the powdered sample did not dissolve in water, 5% HNO 3 , 5% HCl, nor even in the acid mixture of 12 M HNO 3 and 0.1 M HF. After heating to 130°C for 4 h in a 12 M HNO 3 and 0.1 M HF mixture, elevated concentrations of Al, Ca, Cr, and Zr were detected by the ICP-OES method, whereas none of any trace element was detected in the extractates of water, 5% HNO 3 or 5% HCl at room temperature.
Major constituent identification by MXRF
Due to the refractory property of the sample, the analysis plan had to be modified. MXRF was used instead of ICP-MS/OES for elemental characterization. Elemental composition was determined using the MXRF imaging total image spectrum and a standardless XRF fundamental parameters (FP) mathematical method. The XRF FP method provided semi-quantitative identification of the specimen elemental composition. Figure 2 shows a portion of the sample 83-149 powder on tape viewed through 4 lm thick Prolene TM film. The red box is a 10.78 mm 9 8.34 mm area from which elemental distribution images were collected. FP quantification of the total imaged area spectrum indicated that the powder contained * 90% Nb and 5% U out of the total detactable elements. Other elements such as Ca, Cr, Fe, and Ni were detected at * 1% each. Zn and Zr were also identified at 0.3-0.4%. An overlay of elemental distribution images are illustrated in Fig. 3a for Nb and U, and in Fig. 3b for Cr, Fe, and Ni.
A high spatial resolution optical microscopy image of a portion of the sample was also obtained at 979 magnification using external lamp lighting (Fig. 4) . As can be seen, the material is not homogeneous: a number of black particles were mixed with the light yellow particles, and a dark curved feature was observed. Spectra collected from a black particle (Fig. 5, red line) revealed high U (U La peak at 13.6 keV) and low Nb content (Nb Ka at 16.6 keV, and Nb Kb at 18.7 keV; Nb peak positions denoted with green markers). A spectrum collected from a yellow particle (Fig. 5, blue line) indicated a high Nb but low U composition. Elemental distribution images were collected from a 1.13 mm 9 0.89 mm area surrounding the top part of the curved feature (Fig. 6a) . The feature's shape coincided with the Ca elemental image (Fig. 6b ).
An overlay of the U (cyan) and Zr (red) elemental images showed a strong spatial correlation (grey/red colored spots in Fig. 7a ). Because of a substantial overlap of the Zr Ka peak energy with the U Lb6 peak energy, it was difficult to confirm if Zr was present. Since the powder contained a significant amount of U, it was probable that most of these spots were detected based upon their U content, i.e., the U Lb6 peak count rate was detected from those spots during imaging rather than the Zr Ka peak count rate. However, a faint red line was observed in the middle of the imaged area which indicated the presence of significant amount of Zr along the line. Upon further examination of that area magnified at 2779 with a high resolution optical microscope, a glassy, transparent object with a diameter of 5-10 lm was located at the same position where the red line was detected (Fig. 7b) . Using a long pixel dwell time for improved signal to background, the linear shaped feature was clearly detected in the Zr elemental image acquired from a 1.58 mm 9 1.25 mm area where the transparent linear object was located (Fig. 7c) . However, no such feature was observed in the U elemental image (Fig. 7d) , which verified that the linear object contained Zr not U.
Trace elemental determination by ICP-MS/OES
Minor and trace elements were determined by both the ICP-OES and the ICP-MS methods. Table 3 lists the concentrations of elements that were extractable with the 12 M HNO 3 and 0.1 M HF acid mixture at 130°C. Although the extractable amount of the sample accounted for only \ 3 wt% of the starting material, 30? elements were identified. Elements such as Al, Ca, Fe, Pb, Si and Zr were the highest in concentration at hundreds of parts-permillion. Other trace elements were detected at various levels ranging from several tens of parts-per-million such as Cr, Mg, Ni, Sm, and Zn, to single digit parts-per-million such as Ba, Nb, and Ti. It is worthwhile to note that almost all of the REE except Yb were detected, although at very low concentrations and with large measurement uncertainties. Tm was used as an internal standard in the ICP-MS method and was not able to be measured in the sample.
Discussion
Results from the gamma spectrometry NDA test showed that the 235 U abundance in the sample was 96.5 wt% of the total U, indicating the material contained HEU with a high attractiveness level. The ratio of 234 U/ 235 U was 0.0155, which is close to the 0.0116 ratio in the New Brunswick Laboratory certified reference material CRM 116-A [16] . However, the total U content determined by the NDA method accounted for only 8.7 wt% of the sample, which brought to the subsequent question: what is the rest of the elemental composition in this material? Normally ICP-MS/ OES would be the tool of choice to answer this question since the techniques can provide panoramic elemental composition of the sample. But in this case, the ICP-MS/ OES method could not be used because the powder sample was not dissolvable in mineral acids that were routinely used for actinide oxide dissolution. Thus, XRF technique was selected instead to characterize the solid directly. Indeed, the semi-quantitative MXRF method showed that * 90% of the elemental composition was Nb.
Based on the powder's other characteristics such as the pale yellow color and the resilience properties to diluted or concentrated HNO 3 /HCl, as well as its history of having been oxidized at 900°C, it was concluded that the major component of the pale yellow powder material is Nb 2 O 5 . According to the literature [17] , Nb 2 O 5 is an inert compound and is only dissolvable in a hot concentrated H 2 SO 4 and HF mixture. Our conclusion was also supported by the observation that the interior of the metal container used to contain the powder remained intact for more than a decade of storage because of the corrosion resistive property of Nb 2 O 5 .
All of the elements identified in the original powder sample by MXRF were able to be quantified in the acid extractate by the ICP-OES/MS methods. In addition, more elements at trace and ultra-trace levels were also identified 238 U in the sample, ICP-OES was able to measure the total U concentration in the extractate. It was noticed that the ratio of 235 U/ 238 U determined by the two ICP methods was 3.1 ± 0.4, which was comparable to that of 2.1 ± 0.9 obtained from gamma spectrometry when proper uncertainties were taken into consideration.
The crustal impurities such as Al, Ca, and Si could have been originated from processes such as heating in a furnace inside a glove box. The Cr, Fe, and Ni were probably from stainless steel particles introduced during the material processing and/or handling. The relatively high concentrations of Pb and Zr detected by ICP in the acid extractate, on the other hand, are unique elemental signatures. The insight of these signatures is not clear at the moment. As demonstrated in Fig. 7 , Zr was present in isolated objects. Although the exact chemical form of Zr could not be identified by MXRF, it is speculated that Zr was present in the original nuclear material as an individual entity. Based on the literature, Zr, Nb, and Mo, were routinely alloyed with U in test reactor fuel to increase corrosion resistance and ductility; and decrease hydrogen embrittlement [18] .
The almost-complete list of REE in the sample could serve as an important nuclear forensic signature, but was outside of the scope of this investigation. The geological fingerprint of REE is usually preserved during the U metal production process from the U ore and survives high heat and pressure conditions encountered during metamorphism [10] . Samarium was present in a more notable concentration of 16 (± 1) lg g -1 , almost three orders of magnitude higher than all other lanthanides in the sample (which were within the same order of magnitude). This could be a unique nuclear forensic signature for future study.
Although the constituents of the powder were identified, the origin of the gray powder that was brought to the CMR facility for oxidation is still unknown. Was it uranium oxide (dark color) mixed with mono niobium oxide (gray color) or an alloy of uranium with niobium carbide (dark color)? Further investigation of the sample history supported the latter hypothesis. Up until the 1980s, certain nuclear test reactor fuels were fabricated with HEU alloyed with refractory metal (such as Zr, Mo, and Nb) carbide 
Conclusion
This case study demonstrated the successful identification of the nuclear material composition using three analytical chemistry techniques including gamma spectrometry, XRF and ICP-MS/OES. NDA by gamma spectrometry is the most important method for the initial screening of an unknown material to identify the radionuclide composition. In this case study, it revealed the sample identity as HEU but only accounted for 8.7% of the total sample mass. MXRF is an irreplaceable tool for major and minor elemental composition identification, especially for solids that are insoluble in solvents. In this study, MXRF identified Nb as the major constituent (* 90%). ICP-MS/OES are versatile capabilities to detect a broad range of elements especially at trace levels. All of the three analytical tools employed in this study are unique in providing important material characteristics, but they also complement each other in extracting useful nuclear signatures. Ultimately, combining these capabilities identified the unknown pale yellow powder as * 90% Nb in the form of Nb 2 O 5 with 8.7 wt% HEU at 96.5% 235 U enrichment. The original gray powder material before the oxidation may have been an earlier test reactor fuel which contained HEU alloyed with refractory metals such as Nb. 
